The rehydration from the gaseous phase of the developing native or EDTA-washed from unbound and loosely bound paramagnetic ions wheat thylakoid membrane lyophilizate was investigated using hydration kinetics, sorption isotherm, and high power proton relaxometry. Hydration time courses are single exponential for all target humidities. The sorption isotherm is well fitted by the Dent model, with the mass of water saturating primary binding sites equal to ∆M/m 0 = 0.024 and 0.017 for native and EDTA-washed membranes, respectively. Proton free induction decays distinguish: (i) a Gaussian component, S 0 , coming from protons of solid matrix of lyophilizate; (ii) a Gaussian component, S1, from water bound to the primary water binding sites in proximity of water accessible paramagnetic ions; (iii) an exponentially decaying contribution, L1, from water tightly bound to lyophilizate surface; and (iv) exponentially decaying loosely bound water pool, L2. Sorption isotherm fitted to NMR data shows a significant contribution of water "sealed" in membrane structures (∆M s /m 0 = 0.052 for native and 0.061 for EDTA-washed developing membranes, respectively).
Introduction
Plants differ in their susceptibility to drought stress, causing inhibition of the photosynthetic electron transport and perturbations of membrane structure [1] . Apart from number of species which are tolerant to a mild water deficit, there also exist organisms resistant to deep desiccation (and frost), e.g. resurrection plants [2, 3] and lichens [4] [5] [6] [7] [8] .
A good model for studying a recovery from the state of desiccation are freeze--dried photosynthetic membranes. It is not yet clear whether photosynthetic membrane lyophilizates retain lamellar phase, however, after rehydration they return to lamellar phase with the significant contribution of the small membrane fragments from the disrupted lamellae [9, 10] .
A fundamental for understanding the molecular mechanism of recovery of metabolic activity of cell structures during rehydration is knowledge about number and distribution of water binding sites, sequence and kinetics of their saturation, as well as formation of tightly and loosely bound water pools at different steps of rehydration process. Moreover, in this paper we search for water "sealed" in membrane structures, and for the structural effect of paramagnetic ions bound to the rehydrated lyophilized photosynthetic membrane.
Although the dominating effect on proton relaxation in thylakoid membranes was assumed to come from the non-functional surface bound paramagnetic manganese ions [11] [12] [13] , we consequently write just on paramagnetic ions. This is because the effect of other ion groups cannot be excluded as EDTA is a strong chelator and is not selective for paramagnetic ions.
Materials and methods
E class chloroplasts (photosynthetic lamellae purified from stroma proteins) were isolated from wheat (Triticum aestivum L.) var. Jara seedlings grown for six days in darkness and subsequently illuminated for 24 h with white light. The isolation procedure was as described previously [14] , however, a 0.067 M phosphate buffer at pH 7.3 containing 0.5 M sucrose was used instead of Tris-HCl buffer. Various unbound and loosely bound ions were removed by 1 mM EDTA-washing for 18 h at +4
• C. The obtained preparations of photosynthetic membranes were freeze-dried and stored desiccated at +4
• C in darkness. Prior to the hydration courses the lyophilizate was incubated for 48 h over silica gel, at the relative humidity p/p 0 = 0%.
The hydration time-courses were performed over the surface of H 3 PO 4 (p/p 0 = 9%), over the surfaces of supersaturated solutions of CaCl 2 (p/p 0 = 32%), Na 2 Cr 2 O 7 (p/p 0 = 52%), Na 2 S 2 O 3 (76%), K 2 CrO 3 (88%), Na 2 SO 4 (93%), and over the water surface (p/p 0 = 100%) at room temperature. As a measure of hydration level, the relative mass increase expressed in units of dry mass, ∆m/m 0 , was taken.
After completing the hydration courses, the dry mass of the photosynthetic membrane was determined after heating at 70
• C for 68 hours. Higher temperatures were not used as they may decompose some organic constituents of the membrane [15] .
Proton free induction decays (FIDs) were measured on high power relaxometer WNS-65 (Waterloo NMR Spectrometers, St. Agatha, Ontario, Canada) working at the resonance frequency 30 MHz. Transmitter power was 400 W; pulse lengths π/2 in the range between 1.25 µs and 1.50 µs. Data were acquired using Compuscope 2000 card of an IBM 80486 clone, and averaged over 1000 accumulations. Repetition time was 2 s.
The measurements were performed at room temperature (t = 22
• C). The recorded proton FIDs were decomposed using one-dimensional procedure of the program CracSpin (Jagiellonian University, Cracow, Poland) designed for time domain two-dimensional NMR data analysis [16] .
Results
The hydration kinetics of lyophilized wheat photosynthetic membranes performed for the full range of target humidities (between 9% and 100%) (Fig. 1) was fitted well by the single exponential function
where t h is the hydration time, B h is the saturation hydration at p/p 0 = 0%, and A h is the hydration surplus at elevated air-humidity. The values averaged over the all target humidities, B h , were 0.022 ± 0.005 and 0.009 ± 0.003 for native and EDTA-washed membranes, respectively. There are noticeably lower values than those for the Antarctic lichens [17] , suggesting the decreased density of primary water binding sites compared to lichen thallus surfaces. The hydration times equal t h = (17.0 ± 3.2) h and (22.0 ± 2.8) h for native and EDTA-washed membranes, respectively, which are the values similar to those for foliose thalli [17] .
The saturation hydration level, C h = A h + B h , obtained from hydration kinetics was taken for adsorption isotherm calculation. For the wheat photosynthetic membrane lyophilizate rehydration the adsorption isotherm ( Fig. 2) is sigmoidal in form [18] and is well described by the Dent model [19, 17] : 
where h = p/p 0 is expressed as a fraction, and ∆M/m 0 is the mass of water saturating primary binding sites. For native membranes ∆M/m 0 = 0.024, whereas for EDTA-washed ones ∆M/m 0 = 0.017, showing the elevated hydrophobicity of the surface compared to lichen thallus [17] . Another measure of surface hydrophobicity is parameter 1/b 1 , which is a fraction of unbound primary binding sites at h = 1. For native membranes 1/b 1 = 2.2% and for EDTA-washed 1/b 1 = 14.6%, which means that removal of accidentally bound paramagnetic ions still decreases membrane affinity to water. Parameter b is a coverage of the n-th water layer expressed in units of the coverage of (n − 1)-th layer. For native membranes b = 0.896, and for EDTA-washed b = 0.929. Thus, binding to subsequent water layers does not differ much from BET model, where b = 1 by definition [20] . The Dent model distinguishes two types of water binding sites: (i) "primary" binding sites -directly to the adsorbent surface, and (ii) "secondary", usually weaker, water binding sites, i.e. to primary bound water molecules, or to the next water layers. Although Dent introduced his model under the assumption that adsorbate molecules arrange in layers, this model still works if there is no layering of water bound to secondary binding sites. Proton FID for developing wheat photosynthetic membranes is well described by the superposition of two Gaussian components and two exponents:
where S 0 and S 1 are the amplitudes of the Gaussian components, T * S,0 and T * S,1
are the 1/e-decay times for both Gaussian decays; L 1 and L 2 are the amplitudes of the exponential components, T * L,1 and T * L,2 are the relaxation times for both exponential components. For EDTA-washed membranes no S 1 component is detected. The 1/e-value allows a direct comparison between the characteristic time constant describing the solid and the ones describing the liquid signal components [21, 4, 22] . Figure 3 shows the hydration dependence of the proton relaxation times for the components of FID signal of rehydrated lyophilizates of wheat thylakoids. The time constant for the S 0 component does not depend on hydration level of the sample with the value T * S,0 ≈ 20 µs, which is close to the value for the solid matrices of bark and bast [23] , lichen thallus [21, 4, 22] , dentine and dental enamel [24] . Thus, we assigned the Gaussian component S 0 to solid matrix of the wheat thylakoid lyophilizate, and used this amplitude as a unit to scale the amplitudes of the other signal components. The amplitude of the second (ii) Gaussian component, S 1 , linearly depends on the hydration level, according to the equation: S 1 /S 0 = k∆m/m 0 + S 1.0 /S 0 for native membranes, suggesting that this component comes from water bound to the surfaces of the lyophilizate (Fig. 4) . The Gaussian form of the decay and the short value of 1/e-time, T * S,1 , suggests that S 1 component comes from deeply immobilized fraction of water. As the value of T * S,1 does not change within the whole hydration range investigated, and equals ≈ 50 µs, we suggest that it is a homogeneous fraction of water. The S 1 fraction is not detected in 1 mM EDTA--washed membranes.
The exponentially decaying fraction L 1 (iii) also increases with the increasing hydration level and is well described by the linear dependence: L 1 /S 0 = k∆m/m 0 + L 1,0 /S 0 either for native or EDTA-washed membranes (Fig. 4) . Similarly to the fraction S 1 , the value of the decay time does not depend much on the hydration level and equals T * L,1 ≈ 80 µs. Proton FID time for the L 1 fraction resembles that for the tightly bound water signal of lichen thalli [21, 4, 22] , dentine and dental enamel [24] , bark and bast [23] , and of the control porous glass [25] . These suggest that L 1 comes from water fraction tightly bound to the lyophilizate. High values of the errors of the slopes of the liquid signal hydration dependencies show that the amplitude of this component may saturate with increasing hydration level, however, the intercepts are estimated with sufficient accuracy.
The amplitude of the (iv) long exponential component, L 2 , linearly increases with the increasing hydration level with the dependence L 2 /S 0 = k∆m/m 0 for the mature and for EDTA-washed membranes (Fig. 4) . The proton FID time for the L 2 component increases with the increasing hydration level (Fig. 3) , which means that this component is an average of loosely bound water fractions being in fast exchange regime [26] . The values of decay time are much longer than the ones for the components (i), (ii) and (iii), and are of the order of T * L,2 ≈ 1 ms. The recorded three water fractions are differentiated by their dynamics, thus by their proximity to the solid surface. However, the T * L,2 value for loosely bound water is strongly shortened by B 0 inhomogeneities, preventing (by the specificity of FID measurement) the detailed analysis of the loosely bound water pools.
The non-zero contributions of both tightly bound water fractions, S 1,0 and L 1,0 , show the presence of "sealed" water pool, which does not leave the wheat photosynthetic membrane during lyophilization procedure. Recalculated in units of dry mass, the contribution of sealed water equals ∆M s /m 0 = 0.039 ± 0.011 and 0.048 for native and EDTA-washed membranes, respectively.
The hydration dependence of total liquid signal, (S 1 + L 1 + L 2 )/S 0 , in units of solid, is linear (see Fig. 5 ), suggesting the absence of water soluble solid fraction, because otherwise the hydration dependence would be described by the rational function [27, 23] . The contribution of sealed water calculated from total liquid signal hydration dependence equals ∆M s /m 0 = 0.045 ± 0.009 and 0.057 ± 0.007 for native and for EDTA-washed membranes, respectively. The total proton liquid signal, (S 1 + L 1 + L 2 )/S 0 , was used to construct the NMR-isotherm (Fig. 6) , where the values ∆M/m 0 , b, and b 1 were not fitted but taken from fits of sorption isotherm
So obtained sorption isotherm fits the NMR data sufficiently well and the value averaged over all methods (S 1,0 + L 1,0 )/S 0 = 0.199, and 0.251 (∆M s /m 0 = 0.052 ± 0.019 and 0.061 ± 0.006), whereas k = 3.73 and 4.63 for native and for EDTA-washed membranes, respectively.
Discussion
The mass of water saturating the primary water binding sites, ∆M/m 0 , in the preparation of the mature lyophilized photosynthetic membranes is significantly lower than in dry lichen thalli [17] , and still decreased by washing out the loosely bound paramagnetic ions (1/b 1 increases from 2.2% to 14.6%). This suggests that the surface of such dry photosynthetic membranes is more hydrophobic than the membrane systems of lichen thallus, and bound paramagnetic ions increase the number of bound water molecules.
The ordering (decreased partial molar volume and entropy) of water molecules surrounding a hydrated paramagnetic ion was already suggested for ions in solution [28, 29] . If an ion is bound on the surface, the water immobilization may be so high that the FID component relaxes in the form of Gaussian function.
Proton NMR data revealed the presence of significant fraction of water, which is retained in dry lyophilizate. Its mass in units of m 0 and averaged over the values obtained using several approaches, equals ∆M s /m 0 = 0.052 ± 0.019 for native membranes, and ∆M s /m 0 = 0.061 ± 0.006 for EDTA-washed membranes. For both types membranes the mass of sealed water exceeds twice the contribution of water saturating primary water binding sites, ∆M/m 0 .
Precise localization of these "sealed" water pools needs further research. Probably this could be water occluded in lumenal space of thylakoid vesicles. Another possibility are supramolecular structures formed from proteins and lipids. A good candidate for water-encapsulating lipid structures could be the tubules of inverted hexagonal phase formed by monogalactosyldiacylglycerol (MGDG), a dominating lipid species of the photosynthetic membranes. Domains enriched in inverted hexagonal phases have been detected both in the native photosynthetic membranes [30] as well as in model phosphatidylcholine liposomes containing MGDG [31] . However, the question if such structures present in fully hydrated membranes also occur in lyophilized thylakoids, remains to be found.
